The structure of the Baiu frontal zone over the East China Sea on 27 June 2004 was investigated using data from aircraft observations. During the period of 09 12 JST (Japanese Standard Time: UTC + 9 hours), three cloud zones appeared over the East China Sea. The Baiu frontal zone is conveniently divided into three zones on the basis of the three cloud zones. The zones on the southern side, in the middle, and on the northern side are called FZ1, FZ2, and FZ3, respectively. The position of FZ2 corresponded with that of a stationary front on the surface weather map. Remarkable variations of winds, potential temperature, and moisture corresponding to the three zones were detected using in situ measurements at 500 m MSL (Mean Sea Level). In FZ1, a decreased southerly wind area associated with a remarkable moisture gradient was seen, although the potential temperature gradient was unclear. FZ2 had remarkable gradients of potential temperature and moisture associated with a drastic change from southwesterly to northwesterly winds. FZ3 also had remarkable gradients of potential temperature and moisture. This study shows observational evidence of the fact that multiple frontal structures exist inside the Baiu frontal zone.
Introduction
The rainy season over the Japan Islands from June to July is called the Baiu season, and many strong rainfall events are induced in the Baiu frontal zone. The Baiu frontal zone is generally regarded as a low-level pressure trough between two high pressure air masses to the north and south. Moteki et al. (2004a revealed that multiple distinct fronts existed in the Baiu frontal zone over the East China Sea using analyses with Doppler radar observations and a nonhydrostatic model. They demonstrated that two distinct fronts existed in the Baiu frontal zone: the Baiu front extending from the inland of China and the water vapor front forming over the East China Sea. The water vapor front is a convergence line with an oceanic southwesterly and a continental westerly flows in a warm and moist region to the south of the Baiu front. Based on the discovery of the water vapor front they emphasized that a inhomogeneous distribution of low-level moisture in a warm and moist region had a significant role on the formation of the precipitation system.
However, it is difficult to analyze accurately the inhomogeneous moisture distribution in the initial condition for numerical predictions (Kato et al. 2003; Kato and Aranami 2005) because operational observation points are very few over the East China Sea. Understanding of the fine-scale structure of the Baiu frontal zone over the East China Sea and the inhomogeneous moisture distribution to the south is strongly required in order to consider the future operational observation strategy.
M2004 proposed a field experiment using an aircraft to observe the fine-scale structure of the Baiu frontal zone over the East China Sea using in situ measurements and dropsondes. Four flights in total were conducted in the 2004 and 2005 Baiu seasons, and highquality data were successfully obtained. This paper describes a case on 27 June 2004 which is suitable for clarifying the multiple frontal structures in the Baiu frontal zone. The objective of this study is to reveal multiple frontal structures of the Baiu frontal zone over the East China Sea using data from aircraft observations.
Design of aircraft observations
The aircraft Gulfstream-II (hereafter called by G-II) used for the observations was at Kagoshima airport during the period of 23 27 June in 2004. A visual flight with G-II is possible from 06 JST (Japanese Standard Time) to 19 JST. In situ measurements for pressure, temperature, dew point temperature, horizontal winds and vertical winds at 500 m MSL and dropsonde observations at 6 locations were conducted on 27 June. 
Overview of the synoptic situation
The fields of the sea level pressure and geopotential height at 500 hPa with the JMA regional analysis (RANAL, Numerical Prediction Division/JMA 2002) at 09 JST on 27 June 2004 are shown in Fig. 1 . Over the East China Sea, a pressure trough at the surface associated with the Baiu front extends in the east-west direction. A weak trough at 500 hPa extending from the Yellow Sea to inland China is seen in the north of the Baiu frontal zone.
Under such environmental conditions, active convections developed over the East China Sea from 09 to 13 JST. Figure 2 shows infrared satellite images obtained with the Geostationary Operational Environmental Satellite (GOES-9) and rainfall intensity distributions obtained with the JMA radars. Three cloud zones are found to form over the East China Sea. In this study, the zone with a north-south width of about 500 km including the three cloud zones is called the Baiu frontal zone. The Baiu frontal zone is conveniently divided into three zones on the basis of the three cloud zones. Here, the zones on the southern side, in the middle, and on northern side are called FZ1, FZ2, and FZ3, respectively. The boundaries between the three zones are determined on the basis of the cloud distribution at 10 JST, in which three cloud zones are clearly seen. The boundaries at 09 JST and 11 13 JST are shifted from those at 10 JST considering a southward motion.
The cloud zone in FZ1 during the flight observation period has no precipitation. In FZ1, only clouds in the middle troposphere were confirmed with a visual observation from the G-II. The cloud zone in FZ2 extends from the central part of the East China Sea to the eastnortheast. From 0830 to 1130 JST, the cloud zone in FZ2 is associated with a strong precipitation area (128 129 E) more than 25 mm h 1 , and the precipitation in FZ2 decays after 1230 JST. The location of the Baiu front at 09 JST on 27 June analyzed with the JMA weather map (Fig. 1) corresponded to that of FZ2. A cloud zone in FZ3 extends from the east coast of the Chinese continent. From 0930 to 1030 JST, the cloud zone is associated with a moderate precipitation area of 15 20 mm h 1 , and the precipitation in FZ3 decays after 1130 JST.
In situ measurement analysis
In situ measurements of meteorological elements at 500 m MSL were conducted from 0852 to 0950 JST, and the features of FZ1, FZ2, and FZ3 were detected (Fig. 3) . Variables of the in situ data were recorded at a frequency of 10 Hz. A running mean in which spatial scales less than about 20 km (smaller than a convective scale) were removed was applied to the data used here.
The three zones of FZ1, FZ2, and FZ3 are characterized by remarkable wind shifts and peaks with upward velocity (Fig. 3a) . In FZ1, the speed of the southerly winds decreases by about 2 m s 1 , and a vertical velocity of about 0.3 m s 1 is seen near the inflection point of meridional velocity. In FZ2, a change from southerly winds of about 9 m s 1 to northerly winds of about 5 m s 1 and a vertical velocity of about 1 m s 1 are seen near the inflection point of meridional velocity. In FZ3, a change from southerly winds of about 2 m s 1 to northerly winds of about 1 m s 1 and a vertical velocity of about 0.3 m s 1 are seen on the northern side of the inflection point of meridional velocity.
Significant features of the three frontal zones are also seen in the variations of potential temperature PT and mixing ratio of water vapor qv (Fig. 3b) . There are two potential temperature drops and three peaks of the mixing ratio of water vapor. To quantify the variations corresponding to the three frontal zones, the horizontal gradients of PT and qv are calculated using the maximum and minimum values in each convergence zone of the meridional component (Table 1) . FZ1 has almost no significant PT gradient but has a qv gradient of about 1.7 g kg 1 per 100 km. FZ2 has the largest PT gradient of about 6.4 K per 100 km in the three frontal zones and a qv gradient of about 3.0 g kg 1 per 100 km. FZ3 has a PT gradient of about 3.0 K per 100 km and a qv gradient of about 3.2 g kg 1 per 100 km. The features of FZ1 are very similar to the water vapor front shown by M2004: a remarkable qv gradient in southerly wind field associated with a remarkable wind shift and no PT gradient. It cannot be concluded whether FZ1 is the water vapor front or not from the 1-dimensional data alone. However, the existence of FZ1 itself provides evidence that the qv distribution in the southerly wind field is not homogeneous. Although FZ1 had no precipitation area, remarkable variations of wind and moisture in FZ1 could affect the process of water vapor supply to precipitation areas in FZ2 and FZ3.
Dropsonde analysis
Dropsonde observations from 12 km MSL at 6 locations were conducted from 1023 to 1209 JST (their locations are shown in Figs. 2c, d , and e). To describe the vertical structure of the Baiu frontal zone, the dataset interpolated with a meridional 0.1 degree-grid interval and a 10 m-grid interval in vertical is provided from the dropsonde data.
As shown in analyses of in situ measurements, a horizontal gradient of PT below 1 km in FZ1 is unclear (Fig. 4a ). In the zone between 2 dropsonde locations at 27.63 and 29.13 degrees north, the depth of a high qv air mass (> 12 g kg 1 ) becomes shallow to the north (Fig. 4b) , and the southerly wind speed slows down below 1 km (Fig. 4c) . At heights of 1 1.5 km MSL, a layer of weak northerly winds that extends from the northern part of the Baiu frontal zone is seen, and the southern edge of the layer is found to correspond to the location of FZ1.
FZ2 is found to correspond to the southern edge of a cold air mass less than 299 K with northerly winds (Figs. 4a and c) . A high qv air mass (> 12 g kg 1 ) rises up over the cold air (Fig. 4b) .
The cold air becomes deep to the north, and the PT gradient in the layer of 0.5 1 km MSL is remarkable in FZ3. Although FZ3 is in the cold air, a relatively large qv value of about 15 g kg 1 is seen below 0.5 km MSL. The vertical structure of the Baiu frontal zone revealed here strongly supports the idea that multiple distinct fronts existed in the Baiu frontal zone over the East China Sea shown by M2004. However, there are some differences between the cases shown by M2004 and this study. Weak northerly winds in the 1 1.5 km MSL layer are not seen in M2004, which does not have the structure of FZ3 in cold air.
Summary and conclusions
The structure of the Baiu frontal zone over the East China Sea on 27 June 2004 was investigated using data from aircraft observations. According to the RANAL at 09 JST on 27 June, a pressure trough at the surface associated with the Baiu front extended in the east-west direction over the East China Sea, and a weak trough at 500 hPa was seen in the north of the Baiu frontal zone. During the period of 09 12 JST, three cloud zones appeared over the East China Sea. The Baiu frontal zone including the three cloud zones was divided into three zones, which were called FZ1, FZ2, and FZ3.
FZ1 corresponded to a decreased southerly wind area below 1 km MSL and the southern edge of northerly winds in the layer near 1.5 km MSL. At 500 m MSL, FZ1 was associated with a vertical velocity of about 0.3 m s 1 but no precipitation. The gradient of potential temperature in FZ1 was unclear, but that of the mixing ratio of water vapor was significant (about 1.7 g kg 1 per 100 km at 500 m MSL). FZ2 corresponded to the southern edge of a cold air mass in association with northerly winds below 0.5 km MSL and was associated with a strong precipitation area of more than 25 mm h 1 . A stationary front analyzed on the surface weather map with the JMA corresponded to the position of FZ2. At 500 m MSL, FZ2 was associated with a vertical velocity of about 1 m s 1 and remarkable gradients of potential temperature and mixing ratio of water vapor (about 6.4 K per 100 km and 3.0 g kg 1 per 100 km). FZ3 was associated with a moderate precipitation of 15 20 mm h 1 in cold air. At 500 m MSL, FZ3 was associated with a vertical velocity of about 0.3 m s 1 , and the remarkable gradients of potential temperature and mixing ratio of water vapor (about 3.0 K per 100 km and 3.2 g kg 1 per 100 km). This study shows observational evidence of the fact that multiple frontal structures exist inside the Baiu frontal zone. Although FZ1 had no precipitation area, it could be very important in the Baiu frontal zone because the structure of FZ1 could affect the process of water vapor supply to precipitation areas in FZ2 and FZ3. It is considered that structures such as FZ1 need to be represented in the initial conditions for numerical models in order to make more accurate quantitative predictions of strong precipitation. Over the East China Sea, although adding operational observation points of upper-air sounding may be difficult, adding a surface weather station using ocean buoy, for example, could be very effective to detect the structure like FZ1.
